BACKGROUND AND PURPOSE: MR imaging findings in adult-onset autosomal dominant leukodystrophy (ADLD) with autonomic symptoms have been described in the brain, but no descriptions of MR imaging findings in the spinal cord have been published. Here, we describe MR imaging findings in the spinal cord in adult-onset ADLD with autonomic symptoms and histopathologic investigations of the spinal cord.
L
eukodystrophies are disorders affecting white matter by failed development or degeneration of myelin. These effects are the results of genetically determined errors of metabolism, and in most cases, they have an onset in early childhood. Inheritance of the more common forms is autosomal recessive or X-linked recessive. 1 Adult-onset autosomal dominant leukodystrophy (ADLD; Online Mendelian Inheritance in Man accession number 169500) is thus a rarity and was initially reported in 1984 in an Irish-American kindred. 2 The same disease was also described in 2 Swedish families and named adult-onset ADLD with autonomic symptoms. 3 Similar disorders have been described in Japan and Italy, though these may be separate clinical entities. [4] [5] [6] A detailed description of the MR imaging and histologic changes of the brain in adult-onset ADLD with autonomic symptoms has been published. 3 To our knowledge, there are no reports on the radiologic changes outside the brain. Histopathologic examination of the spinal cord has been reported in 1 patient. 7 In this case, there were vacuolar changes and loss of myelin in the white matter, whereas gross visual inspection had shown changes in the anterior, lateral, and dorsal columns. In another patient, no macroscopic changes were found in the spinal cord at postmortem examination. 2 In this study, we describe MR imaging findings of the spinal cord of 12 members of 2 families with adult-onset ADLD with autonomic symptoms. We also describe spinal cord neuropathology in 1 patient. The findings are compared with those described in literature concerning other leukodystrophies, primarily adult-onset types.
Materials and Methods

Subjects
Twelve persons from 2 unrelated families with adult-onset ADLD with autonomic symptoms were enrolled in this study. The disease was identified by clinical characteristics, a pattern of autosomal dominant inheritance and white matter changes visualized on brain MR imaging, as previously described in a report on these families.
3 Fig 1 shows the pedigree of the larger family. The members affected in family 2 were a mother and her son, the latter examined in this study. Autonomic nervous system evaluation was based on a history of micturition, bowel motion, and erectile problems. Ability to sweat and symptoms related to postural hypotension were evaluated. The blood pressure was measured at rest and after standing for 3 minutes. Neurophysiologic assessment of the autonomic nervous system included sympathetic skin response and R-R interval measurements on normal breathing, deep breathing, and a tilt test. One patient belonging to family 1 did not undergo brain MR imaging. He had symptoms and signs of the disease, including bladder and bowel dysfunction, preceding pyramidal signs and ataxia. Genetic studies in family 1 confirmed linkage to chromosome 5q23, 8 the genetic region harboring the LMNB1 gene. 9 The study was approved by the local medical research ethics committee. All subjects gave their informed consent to enter the study.
One individual, 40 years of age, was asymptomatic, and clinical examination showed no signs of disease. Two individuals presented only with autonomic symptoms of disease, pathologic R-R intervals in the electrocardiogram and erectile dysfunction (in a 43-year-old man) and micturition urgency (in a 53-year-old woman). Three others (ages, 40 -71 years) had signs of slight spasticity in the lower limbs in combination with autonomic symptoms. A further 6 subjects (ages, 45-61 years) had autonomic dysfunction, pyramidal signs, and ataxia. Ten subjects were able to walk independently, whereas 2 were wheelchair-bound.
MR Imaging Examinations
All subjects were examined with sagittal spin-echo (SE) T1-and fast SE T2-weighted sequences through the entire spinal cord. Transverse T2-weighted images were obtained by using a 3D SE sequence (TR/ TE, 2500/120 ms) at the levels of C2, C5, T3, T6, T9, and the conus medullaris in 8 subjects. In 4 subjects, the transverse images were obtained with different T2-weighted SE or gradient-echo sequences in varying levels (the retrospective part of the study).
Signal intensity (SI) was assessed visually by an experienced neuroradiologist. When the SI was higher in white than in gray matter, the white matter SI was considered pathologic. Spinal cord anteroposterior and coronal diameters and cross-sectional areas were measured at the C2, T6, and T11 levels on the screen of a workstation, as described by Krabbe et al, 10 and the measures were compared with those in their healthy controls (n ϭ 15; ages; 24 -61 years). The measures out of the range of 2 SDs were considered pathologic. An MR imaging examination of the brain was performed with a routine technique on the same day as the spinal examination. In 1 patient in the retrospective material, the brain was not studied with MR imaging.
Histopathology
The spinal cord of a female patient who died at the age of 56 due to a postoperative lung embolus was investigated. She had a 3-year history of gait difficulties, as well as micturition urgency, ataxia, and pyramidal signs. The upper part of the cervical spinal cord was available for neuropathologic examination. Paraffin sections were stained for basic histopathology with hematoxylin-eosin and for myelin with Luxol fast blue-cresyl violet. Astrocytes were demonstrated immunohistochemically with antibodies to glial fibrillary acidic protein (GFAP); Dako, Glostrup, Denmark). Neurons and their processes were identified with neurofilament antibody (Euro/DPC, Gwynedd, UK), and phagocytic cells (microglial cells and macrophages) were identified with CD 68 antibody (Dako). The bound primary antibodies were visualized by using peroxidase-labeled secondary antibodies (Vector Laboratories, Burlingame, Calif), with diaminobenzidine as the chromogen and hematoxylin as the counterstain.
Results
Measurements of the Spinal Cord
In all patients and the clinically unaffected family member, a severe thinning of the spinal cord was manifest (Figs 2-4 ). All the anteroposterior and coronal diameters and the cross-sectional areas were significantly smaller than those in the control material (ie, out of the 2 SD range). The measurements and the control values from the literature 10 are presented in the Table. 
SI of the Spinal Cord
A subtle increase in SI was observed along the posterior part of the spinal cord in sagittal T2-weighted images of the cervical and/or thoracic spine in 4 of the 12 patients (Fig 2) . In the clinically most severely affected patient, 1 of the 2 patients who were wheelchair-bound, (see the case history below), distinct but diffuse SI changes were seen (Fig 3) . T2-weighted transverse images suggested a homogeneous increase of the SI of white matter along the whole spinal cord in all patients and in the asymptomatic family member ( Fig  4BϪD) . Images of the conus medullaris were difficult to interpret; and also in stray sections elsewhere, motion (pulsation) artifacts disturbed evaluation of SI homogeneity, even when the overall quality of all 12 examinations was good.
MR imaging of the brain showed the same characteristic features as described previously in detail in the same families. 3 The subjects included in this study presented varying severity grades of the radiologic brain involvement. Images of a patient with characteristic but not very advanced changes are shown in Fig 5. In all patients and in the asymptomatic family member, increased SI was seen in the cerebral white matter beneath the motor cortex and along the corticospinal tract down to the medulla oblongata. Images of the clinically affected patients also showed large frontoparietal white matter changes. In this leukodystrophy, myelin is better preserved close to the lateral ventricles than in the surrounding white matter (Fig 5) . Seven patients had white matter changes also in the upper and middle cerebellar peduncles. Some atrophy was found in 10 subjects, most often in the corpus callosum (7 subjects) and in the medulla oblongata (8 subjects).
Case History and MR Imaging Findings of the Most Severely Affected Patient
The most severely affected patient, a man 51 years of age, had paraparesis of the legs, postural and intentional tremor, bladder dysfunction, dry skin, slow bowel movements, and postural hypotension. The clinical examination also showed slight spasticity of all extremities, atactic eye movements, brisk tendon reflexes, and extensor plantar signs. MR imaging of the brain showed increased SI on T2-weighted images in almost all cerebral white matter. The optic radiations were spared. The corticospinal tract in the brain stem, the cerebellar peduncles, and the cerebellum adjacent to the fourth ventricle were also affected. The patient had marked general cerebral and cerebellar atrophy. The coronal diameter of the medulla oblongata was reduced. MR imaging examination of the spine revealed hyperintense white matter on T2-weighted images along the whole spinal cord (Figs 3 and 4D ). In addition, parts of the posterior horns were partially indistinguishable from white matter, due to increased SI (Fig 4D) . A marked thinning of the spinal cord was manifest in sagittal images (Fig 3) ) at the T11 level. This was the thinnest spinal cord in all the patients examined, regardless of age or sex.
Case History and MR Imaging Findings of the Asymptomatic Family Member
The asymptomatic family member was 40 years old with an unremarkable medical history except for an episode of vertigo 2 months before the investigation. He had no autonomic symptoms or signs on clinical examination. MR imaging of the brain showed increased signal intensities on T2-weighted images in cerebral white matter below the motor and premotor cortices and in the posterior limb of the internal capsule. Small separate changes were seen parietally. Slight SI changes could also be seen in the cerebral and cerebellar peduncles and the pyramids. The coronal diameter of the medulla oblongata was slightly reduced. Of all subjects, his brain was the least affected on MR imaging. MR imaging of the spinal cord showed increased T2 SI in the whole white matter on transverse images (Fig 4B) , though this was uncertain in the conus medullaris. No SI abnormalities were obvious in sagittal images. Thinning of the spinal cord was seen. The cross-sectional area was 59 mm 2 at the C2 level, 33 mm 2 at the T6 level, and 38 mm 2 at the T11 level.
Histopathologic Findings
In the cervical spinal cord of the patient, no obvious loss of myelinated fibers was visible at a low magnification at postmortem examination (Fig 6A, -B) . However, at a higher magnification, such a loss was observed subpially at the periphery of the spinal cord with both myelin and neurofilament stainings (Fig 7A, -B) . The loss of nerve fibers had induced reactive astrogliosis (Fig 7C) , whereas the number of microglial cells was not increased. The MR images of this patient showed atrophy and white matter changes consistent with MR imagingfindings in the other patients. We were not able to see any SI difference between the most peripheral and the other parts of white matter.
Parietal sections of the brain from the same patient were also examined. Myelin was reduced, rarefied, and vacuolated with better preservation around blood vessels. Despite a prominent reduction of myelin, there was only minimal reactive gliosis.
Discussion
Six kindreds with adult-onset ADLD with the first symptoms from the autonomic nervous system have been described.
2,3,7-9,11-14 Autonomic symptoms, manifesting during the fifth decade, usually precede cerebellar and pyramidal symptoms and consist of urinary incontinence, dry skin, orthostatic hypotension, and bowel dysfunction. The genetic cause underlying adult-onset ADLD with autonomic symptoms has been located at chromosome 5q 8, 14 and consists of a duplication in the LMNB1 gene, leading to an overexpression of lamin B1 in brain tissue of affected individuals. 9 In the initial kindred, CT findings comprise signs of leukodystrophy most prominent in the frontoparietal and cerebellar white matter. 12 MR imaging has revealed findings also in the occipital and temporal lobes in more advanced disease and white matter changes in the whole length of the corticospinal tract in the brain and the corpus callosum. 3, 12 Other typical findings in this disease entity were sparing or less severe alteration of the immediate periventricular white matter and slight atrophy of the corpus callosum. Relatively slight atrophy in the cerebrum and brain stem was also found. Similar findings were also revealed in the brains of asymptomatic members of a family with adult-onset ADLD with autonomic symptoms. Some asymptomatic individuals had changes only in the uppermost portion of the corticospinal tract below the cortex. 
of the same levels in an asymptomatic ADLD family member (B) and in the same patients as seen in Figs  2 and 3 (C and D, respectively) . In all ADLD family members, a general white matter SI increase is seen and a reduction in the cross-sectional area. The thinning of the spinal cord seems to worsen with progression of symptoms. D, Parts of the dorsal columns have an increased SI indistinguishable from that in white matter SI.
vacuolation and loss of myelin in affected white matter, with preservation of the oligodendroglia. 3, 7, 14 We postulate that the white matter in the spinal cord is affected in adult-onset ADLD with autonomic symptoms and, further, that spinal cord white matter is affected even before the onset of clinical symptoms. A pattern of early involvement of the corticospinal tract appeared in the brain, but in the spinal cord, the entire white matter was affected in all patients. The whole spinal cord seems to be affected at a time when changes in the brain are still very limited. The SI changes in the spinal cord can be very subtle and easily overlooked in sagittal images. This finding agrees with the slight demyelinization seen histopathologically.
In the earlier study of the brain in adult-onset ADLD with autonomic symptoms, some atrophy was seen in 16 of 18 patients with SI changes, most markedly in measurements of the coronal diameter of the medulla oblongata and in thinning of the corpus callosum. Some subtle cerebral atrophy was seen in 11 of 14 symptomatic subjects. 3 Compared with the atrophy of the brain, that in the spinal cord must be considered significantly more marked. This is somewhat surprising because there was a slighter degree of demyelination in the spinal cord than in the brain in the histopathologically examined patient, and a possible reason for the atrophy seen in the central nervous system of patients with adult-onset ADLD with autonomic symptoms could be loss of myelin. Histopathologic findings in patients with the disease are consistent with myelin involvement. It is interesting to note that the pathologic findings in the spinal cord were slighter than those in the brain when myelin loss was assessed, whereas a greater degree of reactive gliosis was seen. This finding suggests that part of the reason for the SI increase in the spinal cord is the reactive gliosis, something that perhaps could explain the slighter degree of SI increase in the spinal cord compared with the brain. Also, some vacuolization was seen in the cerebral white matter, whereas this was not seen in the spinal cord of our patient.
Pathologic findings in the spinal cord have been described in the Irish-American kindred, and changes in the anterior, lateral, and dorsal columns on gross visual assessment were reported along with loss of myelin and vacuolar changes seen on the histopathologic examination. These vacuoles became confluent and created a "cracked" appearance. 7 It is possible that the slighter histopathologic changes in the spinal cord of our patient represent an earlier stage of the disease. The patient examined by Schwankhaus et al 7 had a disease duration of Ͼ10 years and had been admitted to a care facility, whereas the patient examined in our study had experienced symptoms for only 3 years and was still completely independent. The patient described by Schwankhaus et al 7 had marked pathologic changes in the dorsal columns of the spinal cord corresponding reasonably well with the SI changes seen in the dorsal columns of the most severely affected patient in our study.
Differential Diagnosis
MR imaging findings in the spinal cord have been described in leukoencephalopathy with brain stem and spinal involvement and high lactate (LBSL). No atrophy was described, but high T2 SI was seen in both the lateral corticospinal tracts and the dorsal columns along the whole spinal cord. 15 This disorder is inherited in an autosomal recessive pattern and is caused by a mutation in DARS2. Clinically, the patients show slowly progressive pyramidal, cerebellar, and dorsal column dysfunction. 16, 17 Three adult-onset cases have been described, though these did not have elevated lactate. 18, 19 MR imaging investigation of the spinal cord revealed a pattern distinct from that in adult-onset ADLD with autonomic symptoms, with prominent SI increase that was very high and easily detected also in sagittal images. 15, 16, 18, 20 Leukoencephalopathy with vanishing white matter was initially described in children, 21 but adult-onset cases have also been reported. [22] [23] [24] [25] The disease is inherited in an autosomal recessive pattern and is linked to mutations in the genes encoding the 5 subunits of the eukaryotic translation initiation factor EIF2B. 24 Both the brain stem and the cervical spinal cord were atrophied in an adult-onset case, but no SI abnormalities were mentioned. 25 Krabbe disease (globoid cell leukodystrophy) is caused by a genetic defect of the lysosomal enzyme galactocerebrosidase and inherited in an autosomal recessive pattern. Thinning of the spinal cord has been reported in 1 adult-onset case, 26 but SI changes have not been described. In a childhood-onset case, a diffuse gadolinium enhancement of the lumbosacral nerve roots and cauda equina was reported. 27 Metachromatic leukodystrophy is inherited in an autoso- mal recessive pattern and is caused by reduced activity of arylsulfatase A. Cases usually present in childhood, but disease onset shows great variability. 28 Spinal MR imaging findings have been described in a late childhoodϪonset case, with abnormal enhancement of the cauda equina and lumbosacral nerve roots as earlier described in Krabbe disease. 29 The X-linked leukodystrophies are Pelizaeus-Merzbacher disease (PMD) and adrenoleukodystrophy. In 1 adult-onset case of PMD, histopathology of the spinal cord showed patchy demyelination with no atrophy mentioned. 30 Adrenoleukodystrophy, caused by mutations in the ABCD1 gene and subsequent accumulation of very long-chain fatty acids, has an adult-onset variant in adrenomyeloneuropathy. 31 In adrenomyeloneuropathy, severe spinal cord atrophy has been described without SI changes. 32, 33 As of now, 2 distinct leukodystrophies with adult-onset forms and autosomal dominant inheritance have been described, Alexander disease and adultonset ADLD with autonomic symptoms. Alexander disease, a leukodystrophy caused by mutations in the GFAP gene, is most frequently found in infants and children and is often sporadic. 34 Adult-onset (Ն13 years) forms with clinical and radiologic findings different from those of the infantile type have been reported. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Ataxia, 35, 36, [38] [39] [40] [42] [43] [44] pyramidal signs, 35, [38] [39] [40] [41] 43, 44 and autonomic dysfunction 39, 41, 45 overlap the clinical features of ADLD with autonomic symptoms. However, palatal tremor and palatal myoclonus, common in adult-onset Alexander disease, 35, [38] [39] [40] 43, 45 have not been reported in adult-onset ADLD with autonomic symptoms. Due to genetic characterization and diagnosis of the disease, new radiologic patterns have been described, even in asymptomatic family members. 43, 44 In families with adult-onset Alexander disease, atrophy of the medulla oblongata and the upper spinal cord can be the most important MR imaging findings. 35, [37] [38] [39] [40] [41] [42] [43] [44] In adult-onset ADLD with autonomic symptoms, the entire spinal cord is atrophic. Atrophy of the medulla oblongata occurs but is not very severe, as shown in this and the previous study. 3 In adult-onset Alexander disease, SI changes in the spinal cord and medulla oblongata are most often small foci and are found in different locations, 36, 41, 43 whereas the whole spinal cord white matter and the pyramids in the medulla oblongata are affected in adultonset ADLD with autonomic symptoms. Large central SI increase in a swollen spinal cord has been described in 1 patient with a juvenile type of Alexander disease. 34 Microscopic cavitations were found in central areas of the spinal cord in adultonset Alexander disease, 35 but in our histologically studied patient, white matter only was affected.
Imaging of the brain is beneficial in the differential diagnosis. An increased SI has been seen in the hilus of the dentate Fluid-attenuated inversion recovery images of the brain in the same patient as in Fig 2. Increased white matter SI can be seen beneath the motor cortex and in the upper part of the parietal lobes. The SI changes can be followed along the corticospinal tract including the pyramids (arrow) and in the cerebellar peduncles. A periventricular rim with less increased signal intensity is characteristic of adult-onset ADLD with autonomic symptoms.
nucleus in adult-onset Alexander disease 36, 37, 40, 43 but has not been reported in ADLD with autonomic symptoms. The cerebellar peduncles can be affected in both diseases. 3, 6, 41, 43, 44 The supratentorial neuroimaging features are very different in these 2 conditions. In adult-onset ADLD with autonomic symptoms, the corticospinal tract is affected, and in most cases, there are large supratentorial white matter changes that are less intense immediately around the lateral ventricles. 3 In adult-onset Alexander disease, the cerebrum may be intact or there are thin periventricular hyperintensities around the lateral ventricles. 36, 38, 40, 41, [43] [44] [45] In leukoencephalopathies with autosomal dominant inheritance and adult onset, such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), autosomal dominant retinal vasculopathy with cerebral leukodystrophy, 46 and autosomal dominant diffuse leukoencephalopathy with neuroaxonal spheroids, 47 spinal cord abnormalities have been described only in CADASIL. Patients with CADASIL show a normal conventional MR imaging finding of the spinal cord with a reduced peak height of the magnetization transfer ratio histogram. 48 The neuroradiologic features of untreated vitamin B 12 deficiency may include extensive areas of SI changes in the periventricular matter and SI changes along the posterior columns of the spinal cord. 49 The distribution of SI changes differs from that observed in our patients, and the clinical presentation is different. The most severely affected patient in our material was found to have normal vitamin B 12 levels.
The partly overlapping clinical features and radiologic findings suggest that the most important differential consideration perhaps should be adult-onset Alexander disease, which also presents marked spinal cord atrophy and may show SI changes. The type of SI changes and the distinct features of brain MR imaging should enable a diagnosis of adult-onset ADLD with autonomic symptoms. Alexander disease has been excluded in our material. Genetic linkage of family 1 was reported at chromosome 5q23, 8 which coincides with the genetic locus reported for the other families with adult-onset ADLD with autonomic symptoms. 9, 14 The clinical and neuroradiologic features of the patient from family 2 are very similar to those in the affected members in family 1. The genetic locus of GFAP, the gene responsible for most cases of Alexander disease, is located on chromosome 17q21. 50 Furthermore, the morphologic hallmark of Alexander disease, Rosenthal fibers, was not detected in the brains of the patients with adult-onset ADLD with autonomic symptoms. 3 SI changes in the spinal cord may be easily missed on MR imaging examinations because they may be difficult to see and differentiate from truncation artifacts in sagittal images. Transverse sections of good quality are needed for detection. A higher SI in white matter than in gray matter is a reliable sign of pathology in transverse images.
Conclusions
Atrophy and SI changes in the spinal cord are manifest in adult-onset ADLD with autonomic symptoms. The changes in the spinal cord are observable even before the onset of clinical symptoms and at a time when the MR imaging changes in the brain are still very limited. The fact that the SI increase is less marked in the spinal cord than in the brain may reflect a lesser degree of demyelination. To assess the SI changes in the spinal cord, one needs to obtain transverse images. The extent of changes and atrophy may hint at the grade of clinical severity.
The main differential diagnosis is adult-onset Alexander disease, which also may be inherited as an autosomal dominant trait. Both conditions show atrophy of the medulla oblongata and the cervical spinal cord and partly overlapping SI changes in the cerebellar peduncles. However, these 2 conditions are most convincingly distinguished radiologically by very different patterns of SI changes in the spinal cord and supratentorial white matter.
